To maintain a vacuum environment in space simulation chambers, an efficient pumping system is needed for each type of gas load generated. Cryosurfaces can be used effectively to pump most gases, but some gases such as hydrogen are especially difficult to cryopump and diffusion pumps are normally used to pump the hydrogen gas load. The use of titanium as an adsorption agent for hydrogen gas was investigated in an effort to find a more effective technique than cryopumping or diffusion pumping.
Titanium adsorbs hydrogen gas efficiently at pressures below the base pressure of most diffusion pumps. However, its usefulness for maintenance of a vacuum is determined by the rate at which it can adsorb hydrogen. References 1 and 2 indicate that the rate of adsorption varies with the technique employed. Thus, the experiments reported here were undertaken to determine the parameters which control the rate of adsorption. The parameters investigated were chamber pressure, film temperature, film thickness, substrate temperature during film deposition, and the influence of a low density inert gas atmosphere during deposition.
Experimental results are presented for sticking fraction and exponential decay constant as functions of temperature and pressure.
With these results it is possible to compute the pressure versus time response of a vacuum chamber for a given gas load.
SECTION II APPARATUS

VACUUM CHAMBER
The experiments were carried out in a cylindrical steel vacuum chamber, 10.4 in. in diameter by 10.5 in. long. The effective volume of this chamber, which includes some of the associated tubing connected to the chamber, was measured to be 16,585 + 80 cm 3, and the effective surface area was calculated to be 3,307.8 cm 2. For nominal calculations, a volume of 16.6 ~ and a surface area of 3.3 x 103 cm2 were used. A schematic of the basic chamber arrangement is shown in Fig. 1 .
The vacuum chamber was immersed in a temperature bath to control the chamber temperature.
The base of the chamber was closed with a copper gasket seal, which was vacuum tight for cycling temperatures ranging from about 400 to 77°K provided care was taken to prevent large temperature gradients across the face of the seal.
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PUMPING SYSTEM
The pumping system consisted of a single 90-~/sec, air-cooled, oil diffusion pump backed by a roughing pump. The pump-out line joined the cell through ~ 2-in. elbow connected to the top of the chamber. The pumping speed obtained from the pumping system was measured to be 9.5 ~/sec for hydrogen and 2.5 ~/sec for nitrogen.
PRESSURE SENSOR SYSTEM
All data were read out in the form of a pressure-time response. The pressure was sensed with both a Bayard-Alpert ionization gage and a 90-deg magnetic sector partial pressure analyzer. Both types of gages were joined to a 16-in. -long, 1-in. -diam pipe which extended up and out of the temperature bath surrounding the vacuum chamber.
POROUS PLUG FLOW SYSTEM AND THROUGHPUT
Hydrogen was admitted to the chamber through a fritted glass porous plug as shown in Fig. 2 . The conductance of the porous plug was measured in-place and at room temperature to be 1. 1 x 10-3 ~/sec for hydrogen gas. The upper tolerable forepressure required for the porous plug to behave as a true molecular leak was above 300 torr, well above the forepressure range of 10 to 50 torr used during these experiments. Using Pf to denote the forepressure on the porous plug and Pc to denote the room temperature cell pressure, the throughput to the cell, Q, is given by Q = (I.I x 10 -3~/sec)(Pf -Pc) (I)
In these experiments, Pc was always negligible relative to Pf (Pc < 10-4 torr and Pf > 10 torr). However, the low chamber temperature used for the experiments caused the throughput to the cell to be reduced. Using T R to denote room temperature and T to denote cell temperature, the throughput to the cell is given by (Ref. 
The value used for T R was 2989[. Fluctuations about this value were not significant.
TITANIUM FILAMENTS
The titanium filaments were constructed of 8 to 10 strands of 20-rail tungsten wire around which 20-mil titanium wire was twisted to form a ' AEDC-TR-65-113 neat sheath of titanium.
The number of inches of titanium wire used was varied and is stated along with the experimental results.
The ends of the tungsten strands were bolted to high current vacuum feedthroughs.
No titanium made direct contact with the feedthroughs.
SECTION III PROCEDURE
The cell was first pumped down at room temperature up to and through the fritted glass leak. Next, the temperature bath container was filled with the desired bath. Three bath temperatures were used. The first bath was liquid nitrogen at 77°K, the second bath was packed dry ice at 195°K, and the third was an ice water bath at 273~K. No attempt was made to obtain additional temperature baths because it was desired only to determine whether or not the rate of adsorption changed with temperature, and if so, in what direction.
After the first bath temperature was established, the gas addition line was isolated from the system; and a filament was evaporated by sending 120 amp through the filament (the current value at which evaporation began) and slowly increasing the filament current until burnout resulted. Next, the first bath was drained (if, as was the usual case, the rest of the experiment was to proceed at a different temperature), and the temperature bath container was filled with a different medium.
During this temperature change time, which required from one to two hours, the gas addition system was purged with hydrogen, and a regulated hydrogen pressure of from 10 to 50 torr was established behind the flow valve.
Next, the flow valve was opened, and the pressure-time response in the cell was recorded. The diffusion pump was usually left open to the system during a run. The maximum pumping speed of 9.5 ~/sec contributed by the diffusion pump was negligible relative to the I0,000-to 30,000-~/sec pumping speed obtained from the titanium deposit.
The bath temperature during titanium deposition, which was also the deposit substrate temperature, is hereafter referred to as the deposit temperature.
Similarly, the bath temperature at'which the experimental run was made and which was also the titanium film and gas temperature, is hereafter referred to as the run temperature.
Originally, it was desired to run at each of the three bath temperatures (77, 195 , and 273~K) for each one of the same three deposit temperatures.
All of these runs were completed except a run at 273~K after deposition at 195~K. Three other types of runs were made.
In the first run the deposit thickness
was changed, in the second the hydrogen gas pressure (i. e. 0 the throughput) was changed, and in the third the titanium was deposited in a helium atmosphere. Specific details of each run are given with the results.
SECTION IV BASIC PRESSURE RESPONSE AND THEORETICAL CONSIDERATIONS
The curvature of the resulting pressure-time response is indicative of the adsorption phenomenon and, as will be shown, the adsorption mechanism itself. An example of a typical pressure-time response for a hydrogen gas flow rate of 3.6 x 10-2 torr-~/sec is shown in Fig. 3 . In this case, the titanium was deposited at 195~, and the data were taken while the chamber was immersed in a 195~K bath. The pressure response that would result if no titanium were present is shown in Fig. 3 as a dashed line. The presence of titanium adsorption maintains a chamber pressure in the 10 -6 torr region (in this case) for about 3,000 sec. However, unlike the response of a conventional diffusion pump to a constant throughput, no equilibrium pressure is obtained from titanium adsorption. Instead, the pressure first rises as if it were going to approach asymptotically an equilibrium pressure but then proceeds to increase exponentially. This ensuing pressure rise is indeed exponential, as demonstrated in Fig. 4 , where the same data are shown on a semilogarithmic scale. When the experiment is arranged so that the pressure in the exponential region rises faster than shown in Fig. 4 , the almost horizontal region in Fig. 4 disappears as shown in Fig. 5 . It can be seen in Fig. 5 that the exponential pressure increase extends through three decades of pressure.
Also of interest in Fig. 5 , and representative of the typical pressure-time response, is the return of the chamber pressure after gas flow termination to the initial chamber pressure.
This particular behavior is not typical of general adsorption phenomena because of adsorption isotherms and thus influences the interpretation of the adsorption mechanism discussed later.
EXPONENTIAL DECAY CONSTANT
In terms of pumping speed, that is, rate of adsorption, the typical pressure response shown in Figs. 4 and 5 is that of an initial maximum pumping speed which proceeds to decay exponentially as the adsorption process continues. Thus, in order to complete the first objective of this study (to observe the behavior of rate of adsorption as the film temperature and deposition conditions are varied), it is necessary to observe both the initial pumping speed and the time constant of the exponential decay of pumping speed.
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The decay of the pumping speed, S, from an initial value, So, can be empirically represented by
where /~ is defined to be the time constant in units of seconds. The reciprocal of the exponential term of Eq. (3) is, of course, the term which leads to the exponential pressure rise in Figs. 4 and 5. Thus the value of B can be determined directly from plots such as Figs. 4 and 5.
STICKING FRACTION
The sticking fraction associated with a pumping surface is defined as the fraction of molecules impinging on the surface per unit time that permanently adhere to the surface. If c~ denotes the sticking fraction, and the pumping speed associated with a pumping surface of area A is again denoted by S, then it follows from the definition of ~ that
where the radical term is the Knudsen expression (in volumetric units) for the rate of gas impingement per unit area per unit time. Tn Eq. (4), R is the universal gas constant, T is the gas temperature, and M is the molecular mass of the gas species.
In a chamber to which a constant gas throughput, Q, is introduced while gas is being pumped out by a device with an associated constant volumetric pumping speed, S, the result is for the chamber pressure to increase up to a particular pressure value and then remain at this equilibrium pressure for the duration of gas flow. If Pe denotes the resulting equilibrium pressure and Po denotes the initial chamber pressure, then it follows from conservation of mass that
Usually, to facilitate measurements, Q is made to be of such a size for any particular value of S that Po is negligible relative to the resulting value for Pe. In this case it is possible to express S as
Pe
In the case of titanium adsorption of hydrogen gas, no such equilibrium pressure exists. However, the equilibrium pressure to which the chamber approaches before the pressure proceeds to increase exponentially is apparent from the inflection suffered by the pressure-time AE DC-TR-65-113 curve. Thus, using the inflection point pressure rather than an equilibrium pressure, it is possible to define the initial pumping speed, So. If P1 is used to denote the inflection point pressure, then
The initial sticking fraction, ~, which will be referred to as just the sticking fraction for the 'remainder of this report, is then defined by g+M =.
A 181 P, Equation (8) expresses a rather ideal situation where P1 is uniform throughout the vacuum chamber. In any real chamber, this condition can never be exactly achieved. As can be seen in Fig. 1 , the chamber geometry used here can contribute to a pressure gradient down the chamber since gas is introduced at one end and is continuously adsorbed as it passes down the chamber. What is needed, therefore, is a method of determining the pressure gradient and its influence on the measured value of P1.
One method is to treat this problem in a manner similar to that used for conductance problems. The chamber is first considered to be a long circular pipe to obtain the pressure gradient attributable to conductance only. This gradient is then modified by the influence of adsorption at the chamber wall. Next, the end effects caused by adsorption and reflection at the chamber ends are included. From this, it is possible to express the pressure gradient down the chamber as a function of the chamber diameter and the sticking fraction. However, the gradient itself is not the main interest, and thus the gradient expression is solved for the specific length of this chamber. This introduces the admitted throughput, Q, and measured pressure, P1, as boundary conditions. In a manner analogous to Eq. (8), the ratio of Q to P1 is expressed as a function of all other variames. The complete derivation of this expression is given in the Apperidix. The resulting expression is
where ¢z is the sticking fraction, D is the chamber diameter, and L is the chamber length.
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Normally, rarefied gas dynamics expressions are kept in the volumetric system in order to have a minimum of pressure dependent terms.
In the case of Eqs. (8) and (9), the problem is not one of pressure dependence but temperature d~pendence. In order to plot the two equations, Q was transferred from torr-~/sec to number of molecules per second, and P1 was transferred from torr to number of molecules per second per square inch which impinge on a surface at P1. Thus, P1/Q was transferred from (~/sec) -1 to (in. 2)-1. Plots of both Eqs. (8) and (9) are shown in Fig. 6 for the range of ~ from 0.01 to 1. These same two curves are repeated in Fig. 7 slightly more magnified for the range of ~ from 0.1 to 1. A sketch of the complete behavior of both equations showing two cross-over points is given in Fig. 15d .
Despite the necessary assumptions used to derive Eq. (9), this equation is believed to be a more accurate representation of the dependence of the ratio Q/P1 on a for this particular chamber because it considers the actual situation. The idealized Eq. (8), on the other hand, is obviously much simpler to evaluate. Fortunately, most of the data occurs near the second cross-over point of the two curves. The values of sticking fraction for which the difference in evaluation between Eqs. (8) and (9) is significant are given into Tables I and II where both values are given.
SECTION V RESULTS
The variation of sticking fraction for run temperatures of 77, 195, and 273~K is shown in Fig. 8 . Each data point in Fig. 8 was taken from a separate pressure-time response, such as shown in Fig. 3 . In each case, 80 in. of 20-mil titanium wire was evaporated and assumed to form a uniform film over the entire inner surface of the vacuum chamber.
Three titanium deposit temperatures were used as indicated in Fig. 8 , and hydrogen gas was admitted to the chamber at the rate of 7.24 x 10-2 atm-cc/sec for all three runs. The sticking fraction was determined from Eq. (8) using (after correcting for thermal transpiration) the inflection point pressure as discussed in Section 4.2. The dashed lines in Fig. 8 are not intended to represent the functional dependence of sticking fraction on run temperature but serve instead to emphasize the trend of the data.
It can be seen in Fig. 8 that, for all three deposit temperatures, the sticking fraction decreases as the run temperature increases, but the rate of decrease itself decreases as the deposit temperature increases.
Thus, the three trend lines cross. This suggests that some particular run temperature exists such that for run temperatures above this value the sticking AE DC-T R-65-i 13 fraction increases with increasing deposit temperature, and below this run temperature the sticking fraction decreases with increasing deposit temperature. Figure 9 shows the same data presented in Fig. 8 except that the sticking fraction is plotted as a function of deposit temperature for each of the three run temperatures.
Once again, dashed lines are used to represent the trends of the data. It can clearly be seen in Fig. 9 that the above-mentioned particular run temperature occurs in the neighborhood of 195°K.
Variations of exponential decay constant (defined in Section 4.1) with both run temperature and deposit temperature are shown in Fig. 10 . In each case, the value of ~ was taken from experiments in which 80 in. of 20-rail titanium wire was evaporated and hydrogen gas admitted at the rate of 7.24 x 10-2 atm-cc/sec.
At this flow rate, it was not possible to obtain data for a run temperature of 77°K. It can be seen in Figs. 10a and b that the data trends toward smaller values for the reciprocal of as the run temperature increases.
A smaller value for the reciprocal of means that the pressure-time response takes longer to increase through any given increment of pressure above the inflection point pressure.
Thus, the general results presented in Figs. 8, 9 , and 10 are that the highest initial sticking fractions are obtained at the lower run temperatures, but the longer periods of vacuum maintenance are obtained at the higher run temperatures.
The variation of sticking fraction with deposit thickness is given in Fig. lla .
In th~s series of experiments, six filaments, each containing 20 in. of 20-rail titanium wire, were evaporated. In this way, the first data point was obtained from a run using a film thickness corresponding to the deposition of 20 in. of titanium wire, the second data point was obtained from a run using two first film thicknesses deposited successively rather than simultaneously, and the third data point was obtained from a run using thre~ first film thicknesses deposited successively. This sequential mode of evaporation lessened the possibility of a change in deposit density which might occur if all the titanium were deposited over the same area in the same time increment.
A severe decrease in the measured value of sticking fraction is discernible in Fig. lla. That is, the normal value for ~ that was obtained when depositing at 195~ and running at 195°K was about 0.1 (see Fig. 9 ), whereas the average value in Fig. lla is slightly less than 0 .04. The reason for this decrease is not immediately clear. One possible explanation is that the sequential mode of evaporation of several filaments resulted in an increase in the ratio of tungsten to titanium in the deposit, thus reducing the exposed titanium. Despite this unwanted effect, Fig. lla indicates that the sticking fraction of titanium for hydrogen gas is independent of film. thickness for the thicknesses used in this study.
The variation of the reciprocal of the exponential decay constant with deposit thickness is given in Fig. llb . The first three data points in Fig. 1 lb (i. e., 20, 40 , and 60 in. } were obtained from the three runs represented in Fig. lla . Considering these three points only, there appears to be no significant dependence of exponential decay constant on deposit thic~.ness. The data point at 80 in. of titanium represents the normal 80-in. filament for a deposit temperature of 195~K and a run temperature of 195~K (see Fig. 10c , where ~-1 _-10.5 x 10-4 sec-1}, and the data point at 100 in. was taken from one of the preliminary runs of this study at the same deposit and run temperatures.
The sticking fractions measured for the two runs represented by these last two data points were both about 0.1. Thus, in these cases, a change in sticking fraction occurred without a change in exponential decay constant while the run temperature and deposit temperature were maintained constant through the series of runs. Because a variation in sticking fraction is not necessarily reflected in the exponential decay constant, this implies that the sticking fraction and exponential decay constant are fundamentally independent--related possibly only parametrically through such parameters as temperature and deposit density. Clausing (Ref. 2) showed that a large increase in sticking fraction of titanium for hydrogen and other gases could be obtained by depositing the titanium in an atmosphere of helium. In order to investigate this, runs were made at' 195°K in which the deposit was formed also at 195°K but at different helium pressures.
A flow rate of 7.24 x 10-2 atm-cc]sec was again used for each run, and Eq. (8) was applied to each inflection point pressure to obtain the sticking fraction. The results of this series of runs are shown in Fig. I2 .
The principal advantage of increasing the sticking fraction of 195°K titanium by depositing in a helium atmosphere is that 195°K titanium also possesses a moderately low value for the reciprocal exponential decay constant (see, for example, Fig. 10} . However, it is found that the pressure response attributable to adsorption by a film deposited under such conditions no longer exhibits a pure, exponential pressure rise. This is demonstrated in Fig. 13 which shows the pressure-time response obtained from adsorption by titanium deposited at 195°K in a 1.5 x 10 -2 tort atmosphere of helium. The run temperature was also 195°K and the usual flow rate of 7.24 x 10 -2 atm-cc]sec of hydrogen gas was admitted to the chamber. The dashed line in Fig. 13 is a translation of the straight line in Fig. 4 (same experimental conditions} which demonstrates the deviation of the response in Fig. 13 from the expected pure exponential increase in pressure.
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The variation of sticking fraction with chamber pressure is shown in Fig. 14. In this case, the titanium was deposited at 195°K and the run was made at 195°K, but the flow rate of hydrogen gas was periodically changed to obtain a range of inflection point pressures corresponding to the range of flow rates. As can be seen in any one of the pressure-time responses in this report, the time available for determining an inflection point pressure is relatively short. Thus it was necessary in this series of runs to evaporate another filament (80 in. of titanium) every few hundred seconds or whenever the chamber pressure showed signs of beginning to rise exponentially. To prevent the chamber temperature from changing because of these in-run evaporations, each evaporation was accomplished as quickly as possible.
Once again a slight decrease in sticking fraction occurred, this time from the usual value of 0.1 to an average of 0. 076. The assumption that this effect is caused by an over-abundance of tungsten in the deposit was more apparent in this case because this process of rapid evaporation resulted in an increase in the amount of tungsten evaporated per filament. This was determined from observation of burned filaments at the conclusion of this experiment.
However, this additional masking was maintained fairly uniformly throughout the series of measurements.
As can be seen in Fig. 14 , there is no indication of a dependence of sticking fraction on chamber (hydrogen) pressure for a range extending from 4 x 10-7 torr to 1.35 x 10-5 torr.
SECTION Vl DISCUSSION
In attempting to ascertain a mechanism of adsorption compatible with the results of these experiments, it becomes apparent that more than one mechanism is suggested. The results obtained in this study, plus the results obtained by other investigators, suggest that the hydrogen molecules are initially attracted to the titanium surface by adsorption forces where they are dissociated into atoms and contained on the surface for a time, ,, after which the atoms diffuse into the titanium. Each atom that diffuses into the titanium re-opens a site for surface adsorption. Thus, the initial sticking fraction, ~, is determined by the rate of adsorption, but the ensuing decay in pumping speed, as expressed by Eq. (3), is controlled by a decay in rate of diffusion.
There are two reasons for proposing diffusion as part of the total mechanism.
First, hydrogen is known to readily diffuse into some metals (see, for example, 1Ref. 4). But second and more important, the
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absence of an adsorption isotherm (Ref. 5) as indicated by no apparent change in chamber base pressure after an extended period of adsorption (see Fig. 5 )can be explained only in terms of a mechanism such as diffusion whereby atoms are removed from the adsorbent surface.
INDICATED TYPE OF ADSORPTION
It will be suggested here that the results of these experiments indicate physical adsorption. Physical adsorption is a process in which the adsorbed molecules are bound to the adsorbent surface by Van der Waal type forces as opposed to chemisorption in which the surface bonds are similar to chemical forces. The argument for physical adsorption is taken from the measured value of activation energy and the temperature dependence of the rate of adsorption.
As indicated in Fig. 14 , the volumetric rate of adsorption is independent of pressure.
This means that the rate at which molecules are adsorbed is directly proportional to pressure.
It is desirable in this discussion to replace pressure with its equivalent in number of molecules in the chamber. Thus the above statement can be expressed as dn)
where (~-ad denotes the rate of adsorption of molecules and n denotes the number of molecules in the chamber.
The constant, k, in Eq. (10) is known as the rate constant. Inserting the ideal gas law into Eq. (10) yields
where S is the volumetric pumping speed and V is the chamber volume.
The rate constant is related to the apparent (in this case, the meas- 
k =A e where Ea is the apparent activation energy as defined below,. R is the universal gas constant, T is the absolute temperature, and ~ is a constant generally designated as the frequency factor. The apparent activation energy is actually the difference between the true activation energy and the heat of adsorption. That is,
Ea = E -H (13) AE DC-T R-65-113
where E is the true activation energy and H is the heat of adsorption. However, using the assumption that physical adsorption is indicated by low values for the apparent activation energy (i. e., low as compared to 104 to 105 cal/mole, page 463 Ref. 7), then the above calculation indicates that physical adsorption controls the initial phase of the adsorption process.
Probably the most decisive indication of physical adsorption is the measured decrease in rate of adsorption with an increase in film temperature (see Fig. 9 ). This is opposed to the behavior associated with surface chemisorption in which the rate of adsorption increases with an increase in film temperature (Ref. 5).
DIFFUSION
The long sustained periods of adsorption such as shown in Figs. 3 and 5 indicate that either very thick multi-layers of hydrogen build up on the film surface or the adsorbed atoms diffuse on into the titanium film. The hypothesis presented here is that diffusion does occur; and from this hypothesis, it will be shown that the expected pressure-time behavior caused by diffusion agrees with the measured behavior. Physically adsorbed atoms, incidentally, would be more likely to yield to diffusion than would more tightly bound chemisorbed atoms.
The proposed mechanism, then, is that hydrogen molecules strike the titanium surface where they have a probability, ~, of remaining attached to the titanium surface. The attached molecules dissociate (Refs. 8 and 9) and remain on the titanium surface as adsorbed atoms for an average time, r, after which they begin to diffuse into the titanium lattice structure. It is important to note that r, in this case, is not the usual residence time associated with gas molecule-surface interactions but is instead a time of delay between adsorption and diffusion. In the following development of the result of diffusion on the pumping speed of the titanium film, it has been assumed that r is greater than the time required to form a monolayer.
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/dn\ , The rate at which hydrogen diffuses into a metal, ~'~')Dif is expressed by (see page 179 of Ref. 10) Dif (15) where k is the rate constant, 8 is the fraction of the titanium surface covered by hydrogen atoms, C H is the concentration of hydrogen just inside the metal, and CS is the concentration of hydrogen inside the titanium when saturated.
The values for CHand C S can be expressed as t 
OH= f(d )
Therefore, the following Thus, the behavior predicted by diffusion satisfies the empirical Eq. (3).
The influence of a decaying diffusion rate on the pressure-time response can be determined directly from Eq. (5). That is,
From this equation it follows that
where the time is now expressed by (t -r) to acknowledge the difference between initiation of gas flow at t = 0 and initiation of diffusion at t = r. As a natural consequence of having neglected the transient behavior of diffusion, it is now necessary to define A more complete version of Eq. (26) can be obtained by observing the time dependence resulting from adsorption only. This can be obtained quite simply by neglecting diffusion for the moment and equating the rate of appearance of mass into the chamber to the difference between the rate of gas flow and the rate of adsorption. Thus by hypothesizing diffusion, the correct pressuretime response can be derived.
EXPONENTIAL DECAY CONSTANT
By comparing Eqs. (3) and (24), it can be seen that K is the reciprocal of the exponential decay time constant. Thus, Fig. 10 can be thought of as 14.
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plots of the variation of K with run temperature and deposit temperature. The physical interpretation of K is given by Eq. (19). The integral term of Eq. (lg) is actually nothing more than the solubility of hydrogen in titanium. Thus K = rate constant solubility (3 i) and, as can be seen in Fig. 10 , this ratio decreases with increasing run temperature.
The reason for a decrease in K with run temperature is believed to be the result of increasing solubility of hydrogen in titanium with increasing titanium temperature.
Unfortunately, data taken on the solubility of hydrogen in titanium (page 538, Ref. 11) shows that for T > 300~K, the solubility decreases with temperature.
There is a good possibility, however, that the solubility of hydrogen in titanium is a maximum at some temperature near room temperature such that the solubility increases with temperature below room temperature.
Such a behavior could account for the difference in behavior between low temperature and high temperature titanium adsorption of hydrogen. Radical changes in the behavior of solubility with temperature are not uncommon. The solubility of oxygen in silver, for example, undergoes a minimum near 400~K (see page 155, Ref.
8).
On the other hand, the indicated decrease in K with increasing deposit temperature, as shown in Fig. 10 , probably results from a decrease in rate constant caused by an increase in titanium density. It is known that higher substrate temperatures during deposition yield shinier deposits. This indicates that the deposit surface is smoother at higher deposit temperatures which implies that the deposited atoms have more mobility on warmer substrate surfaces--sufficient mobility to form a smooth surface and thus also (possibly) pack closer together.
The change caused by depositing the titanium in a helium atmosphere is more difficult to interpret. It is believed that the helium atmosphere causes the titanium to be porous, resulting in greater surface area and thus increasing the rate of adsorption which is measured as an increase in sticking fraction and contributing capillary diffusion to the total process of gas removal.
SECTION VII CONCLUSIONS
It can be concluded from this study that for run and deposit temperatures from 77 to 273~K:
1. The sticking fraction and exponential decay constant, as defined in this report, completely specify the pressuretime response obtained by using titanium adsorption to pump a constant rate of flow hydrogen gas load.
2.
The sticking fraction of titanium for hydrogen decreases as the run temperature (titanium film temperature) increases, but the rate of decrease itself decreases as the deposit temperature (substrate temperature during deposition) increases.
3.
The sticking fraction is independent of deposit thickness and chamber pressure.
4.
The sticking fraction is increased by depositing the titanium in a helium atmosphere.
5.
The reciprocal of the exponential decay constant decreases with an increase in both run temperature and deposit temperature.
6.
The reciprocal of the exponential decay constant is independent of deposit thickness.
7. The mode of titanium adsorption of hydrogen appears to be physical adsorption.
8. Diffusion appears to be a principal mechanism in the total process by which titanium removes hydrogen gas. where AP is the difference in pressure (innately negative) from x = 0 to x = L and Q is the throughput.
In differential form Eq. (I-l) can be expressed as
In the case of ordinary transmission, Q is the same for any value of x, but in this case gas is being continuously adsorbed by the chamber walls. Therefore, there exists a change in Q with x. The symbol q will be used to denote the general x dependent value of throughput, Q with a subscript or superscript will denote a specific value of q, and Q with no subscript or superscript will denote the rate at which gas enters the system. From
Now, the volumetric rate of adsoprtion by an incremental ring around the chamber of area dA (see Fig. 15a ) is the product of the sticking fraction, a, times the volume of gas impinging on dA per unit time. where Pl is once again the measured pressure at x = 0.
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A second useful expression can be obtained by taking the derivative of dP dP Eq. (I-5) and equating the resulting ~-~ to the ~ of Eq. (I-2). This gives where Qo is that part of Q which is not adsorbed at x = 0 (see Fig. 15b ).
A third useful expression can be obtained by differentiating Eq. (I-9) to dq obtain ~ and equating this to Eq. (I-5) --which when solved for P, gives The remainder of this derivation consists of mathematically tracing the behavior of Q as a single gas packet bounces back and forth through the chamber. Such a gas packet should, strictly speaking, be denoted by QAt. However, in the end it is desirable to return to a continuous flux which would require dividing by the same At. Thus the introduction of a time parameter is an unnecessary complication, and the packet will be symbolized by just Q.
In order to eliminate difficulties involved in considering a negative x direction, the chamber is stretched out so that only a positive x direction exists (see Fig. 15c ). Now, of the initial packet entering the chamber, a part, Qo AD, is adsorbed immediately at x = 0 (see Fig. 15b ). The remainder, Qo, starts down the chamber. At the end of the chamber, i.e., at x = L, an amount QL arrives which is reduced from Qo by the amount of adsorption suffered in travelling the length of the chamber. At x = L, an amount of gas, QL AD, is adsorbed and the rest, Q~EFL is reflected. The process continues until an insignificant amount of the initial packet remains.
In order to obtain the total flux leaving the chamber end at x= 0, it is necessary to addQo +Q~EFL+Q4AL D+ ... and the total _REFL AD flux adsorbed at x = 0 is given by Qo + ~2L + Q4L + " "" and P is obtained from Eq. (I-10) . Thus
The value of QREFL is obtained from 
(I-25)
But .=~o P2,L is just the measured pressure at x = O, that is, P1.
fore,
RT Qo S. M. Kindall, ARO, Inc.
